cations resulting in a bi-layered arrangement in the interfacial region. For the cations, we observe a preferred orientation at the surface with the methyl groups pointing towards the wall and the butyl tails projected inwards. Mean square displacements and incoherent scattering function reveal slowed and heterogeneous dynamics of all ionic species in the slit pore. In particular, spatially resolved analyses show that the structural relaxation times increase by about two orders of magnitude when approaching the silica surfaces, an effect to be considered when designing applications. The altered structural and dynamical features of the confined ILs can be related to an existence of preferred sites for the anions on the amorphous silica surfaces. Detailed analyses of relations between the broadly distributed site and surface properties show that particularly stable anion sites result when triangular arrangements of silanol groups enable multiple hydrogen bonds with the various fluorine atoms of a given anion, elucidating an important trapping mechanism at the silica surface.
I. Introduction
In general, solid surfaces strongly affect the properties of liquids. Due to the interaction of the liquid molecules with the surface atoms, liquid structures can be distorted and liquid dynamics can be altered. Our understanding of these effects is, however, far from complete, as a complex interplay of various energetic and geometric factors determines the behaviors. Moreover, the extent and range of structural and dynamical changes depend on temperature. A great number of studies ascertained the situation for water and polymers owing to their enormous importance in daily life. [1] [2] [3] [4] The present work focuses on room temperature ionic liquids (ILs), which have a steadily growing spectrum of applications, leading to considerable attention in current research efforts. [5] [6] ILs are molten salts, which often consist of organic cations and inorganic anions. Due to a subtle interplay of nanoscale structural and dynamical inhomogeneity, they show complex behaviors. 5 Structural heterogeneity of ILs involves separation into polar and nonpolar domains, [7] [8] [9] which is often triggered by an amphiphilic nature of the cations. Prominent examples are ILs based on 1-alkyl-3-methylimidazolium cations with long alkyl tails. Dynamical heterogeneity, i.e., existence of transient regions with enhanced or reduced particle mobility, is typical of viscous liquids, [10] [11] including ILs. 12 These effects result in complex transport properties, e.g., non-Arrhenius temperature dependence, non-exponential structural relaxation, and decoupling of translational and rotational dynamics. [12] [13] [14] [15] [16] The presence of solid surfaces further complicates the structure-dynamics relations of liquids.
Specifically, fluctuating interactions among the liquid molecules are complemented by a static energy landscape produced by the fixed wall atoms, leading to preferred orientations and reduced mobility. Molecular dynamics (MD) simulations proved very useful to ascertain the degree and range of interface effects. [17] [18] [19] [20] [21] [22] [23] [24] Since full microscopic information is available, this method enables investigations with unparalleled spatial and temporal resolution. These possibilities yielded valuable insights into water and polymer behaviors at a large number of different interfaces. 5, 17-24 3 Relating to ILs, experimental and computational approaches observed various ordering phenomena at solid surfaces, [25] [26] [27] [28] [29] which are of potential relevance for rapidly growing application fields. 5, [30] [31] [32] [33] In particular, the formation of density layers and existence of preferred orientations lead to crystalline-like structures in the interfacial region. Pioneering experimental work focused on 1-alkyl-3-methylimidazolium-based systems on silica substrates. 34 The results showed that the methyl groups points towards the silica surface, whereas the alkyl tails point towards the liquid reservoir. Further experimental studies reported similar ordering phenomena for ILs on various types of amorphous or crystalline substrates. 25, 29, [35] [36] [37] [38] However, the degree and type of order strongly depend on the nature of the solid surface and on the properties of the cations and, in particular, the anions. MD simulation work systematically varied the size and shape of the cations and anions. 39 Detailed calculation of interaction energies with α-Quartz revealed that anion contributions dominate. Computational studies on the role of the surface structure found that ordered interfacial layers are less prominent at amorphous silica than at crystalline silica, explicitly, β-cristobalite, 40 or in carbon nanotubes. 41 Moreover, charged templates were used to explore surface ordering under conditions relevant for applications. 42 While such studies provided manifold insights into changes of IL structures, work on IL dynamics near solid surfaces is still sparse. Measurements and simulations revealed that the presence of silica walls leads to a strong slowdown of cation and anion dynamics. 29, 43 For a detailed characterization, MD simulation studies exploited the possibility to perform spatially resolved analyses. In such approaches, prominent mobility gradients were observed across silica and graphitic pores. 41, 44 Here, we perform MD simulations to investigate the structure and, in particular, the dynamics of IL models in a slit-like pore formed by amorphous silica slabs. In this way, we intend to improve our understanding of structure-dynamics relations under confinement conditions. Considering that the properties of the anion may play a crucial role, we pair the much studied 1-alkyl-3- anions, resulting in hydrophobic or hydrophilic ILs, respectively. [45] [46] [47] We show that detailed insights into the degree and range of surface effects are available when we determine structural and dynamical properties as a function of the distance from the silica wall. Furthermore, we 4 demonstrate that valuable knowledge about the mechanisms underlying the altered behaviors can be obtained when we identify the adsorption sites at the amorphous surface directly from the ionic trajectories.
II. Methodology

A. Simulation Details
We use GROMACS version 5. 53 The parameters for the non-bonded interactions are taken from Sambasivarao et al. 54 and the atomic masses are taken from Weiser et al. 55 The partial charges of the atoms in [BF4] are uniformly scaled to obtain a total charge of -0.8e. This concept of charge scaling to +/-0.8e has been adopted to arrive at a better description of transport properties. Altogether, the potential form is based on the OPLS-AA/AMBER framework and identical with that used by the Lopes et al. 52 
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 Preliminary IL configurations are generated using Avogadro 1.1.1 56 and Packmol, 57 followed by an energy minimization employing the steepest descent algorithm.
In all simulations, the amorphous silica slab has a volume of (4.03 x 4.14 x 2.41) nm 3 . The force field parameters as well as the initial atomic positions are taken from the work of Emami et al.
58
The silica slab is placed parallel to the xy plane on one side of the simulation box so that a slit pore results from application of periodic boundary conditions in three dimensions. We fix Si and O atoms in the middle of the silica slab using the position restraints algorithm to obtain a timeindependent pore geometry. The silica slab has a chemically realistic surface, in particular, it features silanol groups with a surface density of 4.7 silanol groups /nm 2 . The hydroxyl groups of these entities have rotational mobility about the Si-O bonds. The non-bonded interactions at the IL-silica interface are determined by the Lorentz-Berthelot mixing rules.
To integrate the equations of motion, we use the leapfrog algorithm 59 with a time step of 1 fs.
The electrostatic interactions are computed employing the Particle-Mesh-Ewald method. 60 
B. Analysis Protocol
To analyze surface effects, we first study density profiles perpendicular to the silica surface, i.e., in z direction. Specifically, we determine the time-averaged number density nz for the cations and anions using their center-of-mass positions and bins of a width of 0.024 nm and normalize the results by the bulk number density n0. As this analysis reveals pronounced density layers of a thickness of ca. 0.5 nm, see below, we separately determine structural and dynamical properties in these layers. For this purpose, we group the ions into layers of 0.5 nm thickness based on the distance between their center of mass and the nearest atom of the silica wall at a given time. The latter criterion allows us to consider the surface roughness. The layers are numbered sequentially from the nearest to the farthest from the silica wall. In studies of preferential orientation, we focus on the cations in the first layer and calculate the angles between vectors suitable to describe the direction of specific molecular entities and the z axis. We use the vector connecting the NA(1) and CT atoms, see Fig. 1 , to characterize the orientation of the butyl tail and the surface normal of the imidazolium plane to specify the orientation of the ring entity. A schematic representation of these vectors is given in the corresponding figures. In spatially resolved analyses of dynamical properties, we discriminate ions in different layers based on their centerof-mass positions at the beginning of a studied time interval, t0.
For spotting adsorption sites of [PF6] and [BF4]
at the silica surface, we determine areas of high anion densities in the first layer directly from the simulated configurations. Specifically, we use the Gaussian kernel density estimation technique to gauge the probability densities of finding the P and B atoms at (x,y,z) coordinate points in the first layer based on all atomic positions in this region during the simulation run. The obtained probability distributions show that highly populated areas are well separated by regions with nearly vanishing occupation probability.
Hence, it is possible to identify favored areas with adsorption sites of the anions. In detail, we define sites as connected spatial regions in which the probability density of finding an anion amounts to at least the average value. The center-of-mass positions . Specifically, adopting the usual geometric criterion for hydrogen bonds in aqueous systems, 66 we request that all of the following three criteria need to be fulfilled in order to consider an anion-silanol configuration as a hydrogen bond: 66 Similar criteria were applied in previous X-ray studies [67] [68] on organo fluorine compounds to study halogen-hydrogen bonds. If, based on these criteria, a silanol group can form a hydrogen bond with an anion residing at any position within a given adsorption site, it is assigned to this site. The number of silanol groups belonging to the various adsorption sites are denoted as SiOH n in the following.
III. Results
A. Structural Properties
First, we focus on the number density profiles of the cations and anions across the slit. Fig. 2 shows , the cations residing in the first layer at a given time frame are shown together with the surface contour in Fig. 5 . We see that a considerable roughness of the silica surface adds to significant distributions for the configurations and orientations of the cations, as quantified in Figs. 3 and 4 .
B. Dynamical Properties
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For an investigation of ion dynamics, we first determine the mean square displacement (MSD) . In doing so, we exploit that the covered time and length scales are relatively small so that a crossover from 3D to 2D diffusion expected for a slit geometry has only minor effects. In Fig. 7 , we compile temperature-dependent diffusivities of the ionic species in bulk and in confinement. For cations and anions, the mobility is higher in the bulk than in the confinement over a wide range of temperatures. In all cases, the anions exhibit slower diffusion than the cations. This behavior is typical of [Bmim] based ILs. 70 The temperature dependence is Here, we focus on the long-time decay due to structural ( ) relaxation. Considering the stretched exponential form of this decay, we determine the structural relaxation time   in a density layer by fitting to the Kohlrausch-Williams-Watts (KWW) function
where the stretching exponent  characterizes the degree of the non-exponentiality. dynamics is almost two orders of magnitude slower in the first layer at the surface than in the fourth layer, where bulk behavior is nearly recovered. The difference between the structural relaxation in various pore regions is even larger for [PF6] dynamics. Thus, there is an enormous gradient of the ionic mobilities across the slit. The observation of a stronger slowdown of anion dynamics as compared to cation dynamics is consistent with the finding that the preference to reside near the silica wall is higher for the former than the latter ionic species. 12 In Fig. 9 Consistently, the above analyses revealed more prominent density layers and preferred orientations for the former than the latter anions.
In studies on confined water, [17] [18] it was argued that a comparable slowdown of molecular dynamics at solid interfaces can be attributed to the fact that the fixed wall atoms produce a static energy landscape, e.g. by providing sites for hydrogen bonding, to which the neighboring liquid has to adapt, limiting the possibility for structural rearrangements in the interfacial region. In our case, the silanol groups on the silica surface also furnish hydrophilic sites to which the anions can be anchored via transient weak hydrogen bonds. In the following, we, therefore, investigate the role of anion sites at the silica wall to obtain closer insights into the mechanisms underlying altered IL behaviors at solid interfaces.
C. Characterization of Adsorption Sites
Areas on the silica surface with a high density of silanol groups may promote hydrogen bond formation. However, hydrogen bonds involving halogen atoms are relatively weak with energies comparable to that of van der Waals complexes. Nevertheless, X-ray studies [67] [68] 71 and theoretical calculations [67] [68] reinforced the bonding capabilities of halogen atoms with hydroxyl hydrogens. Due to a high electronegativity, the fluorine atoms of the anions act as hydrogen bond acceptors 72 for the hydrogen atoms of the silanol groups. As a consequence of the weakness 13 of these interactions, we do not determine adsorption sites at the silica surface from energetic criteria, but rather from the ionic trajectories, see Sec. II.B. A similar approach was taken to determine ion sites in glassy electrolytes. [73] [74] Specifically, we exploit that the probability densities for the anionic positions at the silica surface show regions with high occupancies, which are separated by depopulated areas. Thus, the former regions can be identified with preferred sites of the anions.
In In Fig. 11 , we show characteristic properties of the identified sites, explicitly, the volume s V of the spatial region attributed to the site, the time-averaged number anion n of anions occupying the site, and the number SiOH n of silanol hydroxy groups assigned to the site. More detailed definitions of these quantities were given in Sec. II.B. In Fig. 11(a) , we observe that, on average, Fig. 10(a) . Moreover, they often have reverse triangular arrangements of silanol groups in their neighborhoods. By contrast, these highly populated sites are not conspicuous with respect to the number SiOH n of silanol groups available for hydrogen bond formation when located at these spots. Analogous relations hold for the [BF4] sites. These findings imply that good absorption sites for the anions are not distinguished by a large size or a high density of silanol groups, but rather by a suitable, most probably, triangular arrangement of silanol groups so as to enable simultaneous hydrogen-bond formation. Consistently, Canova et al. 40 reported evidence for triangular geometries for ILs on a crystalline silica surface.
D. Nature of Hydrogen Bonds
Finally, we ascertain the nature and role of the weak hydrogen bonds between the [PF6] and
[BF4] anions and the silanol groups of the silica surface. By using the hydrogen-bond criteria given in Sec II.B, we determine the time-averaged number of hydrogen bonds formed by each of the silanol groups with the given anion species, HB n . In Fig. 12 , we show the cumulative distribution of this quantity,   such situations, the concept of furcated bonds can be introduced. In the literature, this concept was applied to disordered states of water. 75 Moreover, bi-furcated bonds were reported for a bulk IL. 76 In Fig. 13 ,
we picturize exemplary hydrogen-bond configurations for [PF6] and [BF4]
anions at an adsorption site. For both types of anions, non-furcated and furcated hydrogen bonds coexist. Moreover, we see for [PF6] that, due to these diverse bonding geometries, five of the six fluorine atoms can be involved in hydrogen bonds at the same time. One can expect that such high number of hydrogen bonds enables particularly stable configurations and, hence, leads to a strong slowdown of [PF6] dynamics at these sites.
IV. Conclusion
We have discussed results from MD simulations of two room temperature In conclusion, the properties of ILs are significantly altered near solid surfaces. The nature of these changes differs for various ILs and depends on the type of the surface. The present simulation approach has helped to improve our microscopic understanding. In particular, it has unraveled that the surface effects are strongly governed by the structure and shape of the ions and the spatial distribution of surface groups available for binding, e.g., for hydrogen-bond formation. These altered behaviors need to be considered when designing new applications involving interfaces such as electrodes or supports in film technologies. In doing so, the significant dependence on the ion and surface structures, in particular, their geometries, can provide guiding principles to tailor the IL properties. Thus, our fundamental approach and theoretical understanding relates to the rapidly developing field of high performance IL applications. 
